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By John R. Henry

SUMMARY

A correlatlon of what are belleved to be the most
rellable date available on duct components of alrcraflt
power-plant instaullatlons 1s presented hereln. The in-
formation 1s given in a convenlent form and is offered
as an ald in desligning duct syastems and, subject to
certain qualifications, as a gulde in estlmating thelir
performance.

The design and performance data Include those for
straight ducts; simple bends of square, clrecular, and
elliptical crosa section; compound bends; diverging and
converging hends; vaned bends; dlffusers; brunch ducts;
internal inlets; ard angular placement of heat exchangers.
Examples are included to illustrate methods of applying
thess data 1ln analyzing duct systems.
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INTRODUCTION

The objectives in the design of an alrcraft duct
aystem ere to it the components of the system within
the avallable space and to meet an alr-~-flow demand with
a minimum of energy loss. Analysea of duct systems are,
in general, made for one or more of the following
purposes:
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(1) Estimation of pressure loss in a duct

(2) Determination of rate at which alr will flow
through 4 given duct syatem
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(3) Calculation of exit area required tvobtain a
desired rate of air flow through a given
duct system "

(4) Eveluation of airplane drag chargeable to flow
through a duct system

Alrcraft duct systems ocour in an infinite diversity
of forms but, for the purpoaes of design and analysls,
mist at present be treated as a serles of component parts -
such as bends, nozzles, and diffucers ~ for which design
and performance data are available. Analyses of duect
systems are generally step-by~stap procedures ln which
changes in the energy and the physlical state of thLe
ducted air are fnllownd progressively from the free stream
ahsad of the eirplane- through the succeeslve duct com-
ponents to the point of discharzs from the airplane.
Simplifled procedures for making such analyses are given
in references 1 and 2, and a precise, rigorous method is
given 1ln reference 3., Thesa references are primarily cone-
cerned with analytical procedure and do not deel with loss
characterlstics of duct components.

A large amount of experimental data and some thso-
retical iLreatments of the flow In duct conponents exlst,
but the data often appear to .2 lnconsistent and some of
the theoreticel treatwments «.2 contradictory. This lack
of sgreement 1s principsily due to inadequate considera-
tlon of all verlables affectling tiie flow characteristics -
a natural consequence of the undeveloped state of the

theory.

The purpose of this paper 1s to present, in simple
and conclse form, information useful for the enalysis and
deslgn of duct systems for alrcraft power-plant Instal-
lations. Data are presented on design criterions and
pressure-loss characterlstics of straight ducts, duet °
bends of varlous cross-sectional shapes, vaned bends,
branch ductas, and several types of diffuser. Several
sxamples are presented to show methods used 1n analyzing
duct sgystems.

In the presant report the moat rellable data avall-
able have beon used but some of these ddta are recognized
as questionsble. In cases In which datu from different
sources are inccnsistent, tho matsriasl presented 1s,
as far as possaibls, a mean wecighted by consideration of
the conditions under which the results were obtalned.
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In cases 1n which data for'a particular type of duct com-
" porient have been obtainable from only one source and were

thersfore without adequate corroboration, these data have -

been presented ror lack of better.

The flow characterlsties of any duct component are
consicderably aflected by variations in the nature of the
upeereen flow; fer the data presented the type of flow
is that generated by a long straight pilve. FBeczeuse of
thic atloot And the limitations or avellable data, the
presanl. dlscusaion of flow coefilclents for duct compo-
nentes Js mblect to extension and revision when mors com-~
priacnzivo Aara hacome availgble. If the pressurs rnd
volocily dlstribugizus of the flow at the irle:t cof a
dv23 uurgenens are ot uniform, tha tnlel-precsiure loss
thi-h <he somperers will be greates thun rwould »e pre-

dic.:... 27 uer »f ti:.e sresent data, 3avject to th:nse

. ' PO r’ - s -
cus il aelni-a, ths rmuterlal presented 13 oiferva as a
guli ia2 dernipning duct systems end escimaticg tocir

perinrraunce; Lovevar, for the atitalamert ol best perform-
ancz, coudlena syebewme should be rofined by tests of
alrplane models 1n wilnd tunnels or tests of duct systems _
in wrich ithe alr flow 1s Ilnduced by -blowers.

SYKPOLS fe

II:/ (9]
. I
A duct crosu-sectional &rea, square feut (\\'
a veloclty of sound, feet per second

Cr, 1lift coeffloient (L/go)k

c length of vane chord, feet
D hydraulic dlameter, feet ., ypx
L x Croer-gucilonal area of duct % o
Perinstar of duct Yo

d dlameter, feat .
F, compressibility factor '(1 + %"_—Ila + h%mh)

f friction fastor for stralght ducts (l]:.['%{'%)
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gap or vane spacing, perpendiculsr distance between
vane chordéds, feet
total pressure, pounds per sauare foot

height of dust (in case of bend, dimenslion in piane
perpendicular to plaus of bend), feat

arbitrary constant

bend-loss ccoefficient (ﬁ?- of bend dlvided by %F
of ecuivalent constent-area band wiih 1dentical

1n1et)

total~preasure-losa coeifficlent o1 diffuser exprecssed
ag frsctlicp >f loss due to sudaan xpansion

[%? of diffuser divided LYy (i -
: n.-l.-/

tee 4

1if't, pounds rer fcob of spen

axlal length ¢f duct, foet

Mach nuber (V/a)

mass rate of fiow, slugs per second

nur:ber of vuanes in duct bend

perimatar or duct cross sgsaction, fcet
staetic presusure, pounds per square foot
volums rate of flow, cublc feet per second
dynemlc presssure, pounds per squars foot (%pv?)
Reyrolds numbcr (pVD/))

radius, feeb \

Py t 1y,

mesn radius of baad, feet ( >

~

temperature, °F absolute

velocity in duct, feot per second
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fres-straam valoclity, feset psr second

" duet width {in cese of band, dimepsIon in plans of

bend), feet o
absclasa and ordinabts of standard coordinate system

angle of attack in relatlon to alr-atream direction,
degreas

ergle of duct berd, degraas

engle of Junctinn of duct and resistance unlt,
desress

uenafly of air, =luss psr cubic foot

abaolnte viscosliy »i alr, pcand-enconds per square
Foct

totai-pras.ure loss, pouvuds per square foot

tetal-rressure Loss due to angle batveen duct and
resisturice unit .

ztatle~-procsure loss, pouunds per ncuae Soot
- 0

ehenze i1a tomr2weotur), VP

tatal vecb-r-volececity change, lzet per socerd

one-n=:1lf equlvalent corleal angle of expanaion,
deirees

ore-halfl angle betwsen straight wella of partially
curved 3diffuscr, degrses

total-pressurse-lnss cnefficlent
radlus ratio

saspsct ratio »

Subscrigts:

a

b

inside wall of bend

outslde wall of bend
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d diffuser
2 exlt
f face

fi flared inlet

b inlet

r resistance unit

X arbitrary scatlon
0 in frese streeam

1,2,3,... sotations in éuct aystem
max meximum :

nin minimum
GENZRAL PARIRCIPIES O DUCT DESICN

8kin friction and flow sepa.,ation are tio fundamental
caugss of pressure loss in fully turbulent flow tlirough
any duct component. The lose 1n n glven duct calponent
from each of these causes is roughly vproporiionsal to the
dynamlc proscsurs of alr flow. J3Since the dynemic reasure
of the air flow 1a proportional to thoe =quare cf the flow
veloolty, the firgat baslc nrinciple iIn tks design of
efficlent ducts s tnz maintenance cf a low flow velocity
by thie uss of ducts of adequate size. Thke Iimportance of
this »nrinciple may be lllustrated by noting that, rIcr a
glven rete of air flow, halving the dlareter of a circular
duct multiplies the vaelocitles by L; and tha losses by 6.

Altbhough skin frlection is the dominant ceuss cf
pressure losse 1n flow throughk stralgat ducts of constant
croas section, this pressure losa is small compared with
the l7sses that occur when thLe main 1'lowr ssparateas fron
the duct wallis and thus creates areas of reverss flov and
violent turbulence between the muin flow and tkhe duct well.
These areas requlre veloclties in the main stream higher
than are otherwlse necessary. The sacond basilic princlple
in the design of efficlent ducts, therefore, is the maxi-
mum reductlon of flow separation.
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" One type of flow-separation-occcurs -when forces arise

in the air stream in a direction opposite to the direc-

tion of flow. Such & force 1s the presaure rise (or
"adverse pressure gradient") produced by a deceleration
of the air flow - for exemple, the -deceleration of the
8lr flow in a diffuser. ‘'Tae rate of pressure rise that
may occur without producing flow separation depends on
the velooclty of flow near the duct well, because the
presence of thick boundary laysrs of alow<moving air 1is
conduclive to seperatlion. Converasely, a decreasing pres-
sure in the direction of flow (or a ffavorable pressure
gradlent"), such es occurs in a nozzle, tends to prevent
separation.

Changes of flow direction, as in bends, also glve.
rise to forces that tend to cause saparation of flow
I'rom the 1lnner surface of the bend. Surface roughnass
or protuberances that cause local dlsturbances or re-
tardation of' the alr near the duct wall aggravate condi-
tilons of Iinciplent separation. Screens or resistances
across ths entire duct, on the othsr hand, tend to
stabllize the flow and oppose asparation by resisting
flow increases in the center of the duct at the expense
of the flow near the walls of the duct.

PROPERTILS AND DESIGN OF DUCT COMPONENTS

Pressure~loss characteristica and design criterions
of several typlcal dQuct components are glven in fig-
ures 1 to 16. The total-pressure-loss coefficient AH/q,
a ratio of loss 1In total pressure to dynamic pressure at
the entrance to the duet component, has been given di-
rectly wherever possible; in all cother casesa, coefflclents
are gilven from which the pressure-loss coafficient can
be computed.

Straigkt ducts of uniform.cross seccion.- The
pressure-Iloss coelTlclent Ior atra ucts of uniform
cross section 1s gilven by the relatlon

. .A.g.zh%f . (1)

The friction factor [ varles with the character of the
duot surface and the Reynolds number based on mean air
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veloclty and the hydraulic ‘dlameter of the duct. Values
of f obtalned from figure 51 of reference ) are plotted
against Reynolds number in figure:-l. Data 1n figure 13
of reference 5 agree closely with values in figure 1.
Determination of the Reynolds number 18 facilitated by
supplementary curvea obtalned by plotting the retio of
mass rete of flow to duct perimeter against Reynolds
number for & number of alr temperatures. The kinetic
viscosity of the air used in constructing the supple-
mentary curves of figure 1 was determlned by Sutherland's
equation as presented in reference 6.

A typical value of AE/q for stralght aircraft

ducts 1s 0.02%. which 1s usually inconsequentlal com-~

pared with other parts of the system, and the loss 1n
sectlions of astralght ducts is generally neglected. Long
winding ducts of small dlameters, such as cabln-heater
ducts, sre sometimes treated as atraight ducts of higher
than average pressure loss due to friction. The us~ of

AR _ l

1s recomnendsd in reference 7.

0° bends of constant-aree rectangular cross sec-
tion.- Pressure-loss coeificlents o U bends of
constant-area and rectanguler croas section given in
flgure 2 for three values of Reynolds number based on
hydraulic dlameter are derived from data appearing in
references 4 and 8 to 12. The beneficlal effect of
large radius ratio appears throughout the range of R
but the optimum aspect ratio shows a marked change with
Reynolds number.

90° bends of constant-area elliptical cross sec-

tion.~- Preasure~loss characteristics of 90° bends of
constent-area elliptical cross section are given in flg-
ure 3 for three values of Reynolds number. The data
include circular ducts as a speclal case and were derived
from data in reference 5. The benefits of large radius
ratio and the existence of an optimum aspect ratlo are
noted for the bends of constant-area elliptical cross
gsoctlon as well as for rectangular bends. The effects of
Reynolds number are much lesa for bends of elliptical
cross section than for bends of rectangular cross sectlon
and appear malinly for the bends of high radius ratilo.
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0° bends of changing area.- Significant data (ds-
_rived irom fETerenca’lgi concernsd with the relatlon of

" area’ chinge Yo 'the loas-in 909 bends of- & -perticular . .
geomatry are shown in figure l. In this figure the ratio
of loss in a tend with changing area to that in a btend -
with identicel inlet form but constant erea is plotted
ageinst the ratio of entrance width to exit width of the
nonuniform bend. Important reduction of loss in con~ -
verging bends and serlous Increases 1in loss in diverging
bends are noted; the loss increases are particularly
serious for bends of small radius.

Simple bends otkher than 90°.- No satisfactory corre-
latloni has been made O. aata Ior variation of preasure-
loss coefficioent with angle of bend. Preasure lozs of
L,5° bends can apparently vary from one-third to two-
thirds the loss of a similar 90° bend, according to the
test condltlons.

Compound bands.- Pressurc-loas coefficlents for three
types of compcund btend (£iz. 5) derived from refecrence §
are shown in figure 6. Inasnuch us differences in the
losses between the U-, %Z-, ané 90°-offset bunds anpear
from refersnce 5 to be small and 1irconsliatani, tns curves
presented are averages of rosulta for the three types of
bend. There eppears to te l!'ttle vari~tion of loas with
Retriolds nuuber. Introduction of a 5-Toot specer btetyeen
the two parts of the compound bend has relatively little
effect on the over-all losa but tends to gilve higher
values for optimum espect ratio. L comparison of the
180°-bend (U-bend) data of fligurs 6 wlth tha S0°-bernd
data of filgure 2 shows that the relestive loas varles to
& marked degree wlith the radlus ratio and espect ratio
of the bend.

Effects of surface roughness on bend losses.- The
effect 61 surlace roughness on the losses in straight
pipes has already been glvan by the curves of flizure 1,
A study of pressure-loss data for bends of ‘angles from
300 to 9G° and radius ratios from 1 to 6 (rafcrence 11)
indlcates that the influeénoe of aurface roughness on the
loss in bsnds, and presumably of other duct components
. in which major flow disturbances arise, 1s vsary much
greater than can be attributad to the increase in skin
friction at the mean veloclty cf flow. Analysis of tae
date in reference il suggests that the ratio of lossas
through two bends, identical except for surface roughness,
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is equal to the 1.75 power of the ratio of friction
factors; that is, ,

a
%2 = {‘_2-1'75 (2)
£

(é._
LV

(The subscripts 1 and 2 in this equatlon are usad to cCe~
note the two bends of diifersnt surface roughness.) The
exponent greater than unity sarn ba explained by the fact
thet any deviatlen from a uniform velocity distributlon
because of extensive boundary-layer separation or the
existence of secondary flows would require that some of
the flow be at velocitles greater than the uniform
velcclty. Equatlion (2) weculd not, therefore, be expected
to apply for & duct component mot lnvoiving extensive
secondary flows or separatlion.

Equation (2) can be usad to correct the bend-loss
data of this report to values correspending approximately
to flow through duct bends with rough surfaces. The
total-pressurs~loss coefficlent for smooth-surface bends
can be determined from the datu curves of figures 2 to g4
and €. The curves labelzd “"Smooth surface" in figure 1
are used Lo determine the Iriction fuctor for smcoth-
surfacs berds. A rerresurtative value of frletion fector
for rcuzh surfeaces ccrrasponding to duets 1n prcducrion
alvplanes with th3 usual manufacturing lrregularitles
is L.O1.

Vanaed bends.- Vanes may often be advantagoously used
in duct berds, espscially when an unfavorable radius ratilo
or aspect ratio must be tolerated bucause of some liml-
tation peculiar to the particular design. A correctly
designed vane inetalietion wili lmprove the veloclty
distribution at the exit of the bend and wlll gerersally
rednce the prassure lcsses through the bend. The raduc-
tion in »ressare loscs arises from the faztv that tha flow
in a good vansd-turn installationr approaches that flow
which would ocour 1f the passage were dlvided 1iuto
smaller prasazas of the same dspth out shorter width and,
consecuenily, of more favorable aspect and radlus ratlos.
‘hen more than threa vanas are used, practical considera-
tions usually require a bend witk evenly spacsd venes and
equal lnner and outer radii. The value that these radiil
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v

--may attaln is usually limited by the space requirements.
Figure 7 shows an lnstallation of thin oircular-arc vanes
and defines the variables concernsed in the design of such
a vane Iinatelliation. The vanes are equal in radius and
chord to tha curved portion of the duot surface. From
figure E.it can be seen that the chord ¢ 1s equal to

2" -

2r sin

| From materlal given in refersnce ll, the following
expression for the number of vanes required can be derived:

_ 2 AVwy 1
A

The quantity 4V 13 the vactor difference of the veloc-
1ties upstream and downatream of the bend, a&as 1llustrated
in flgure 7. For a given bend configuration, therefore,
the number of vanes depends on the 1ift coefficient at
which the vanes are to operate. If too high a 1lift coef-
ficlent is assumed in determining the number of vanes
required, high losses and a poor velocity distribution
downstream of the bend will result. An assumed lift coef-
ficlent that 1s too low willl result in too mary vanes and
the total-pressure loss through the bend will again be
excessive. heference § indicates that, for thin vanes
installed in a 90° bend, use of a 1lift coefficlent of 0.8
gives approximately minimum losses and a satisfactory
velocity distribution. It 1s not known whether Cr=0.8
is the optimum for thin circular-arc vanes for bend
angles other than 90°, but a study of reference 13 indi--
cates that use of this value in designing bendas other
than 90° bends should give satisfactory results. Results
given in reference $ show thet for a zg° bend the angle
of attack of the vanes a should be L8°, or 3° more than
half the angle of bend. For other angles of bend, tlie
amount by which.the angle of attsck exceseds half the
angle of bend might be adjustsd proportionately to the
angle of bsnd a8 a first approximstion; that 1s, for a

45°% bvend, ean angle of attack of 2L° would be indicated.

For a 90° bend with inlet and outlet the same in
area and shape, equation (1) reduces to

n=§£-5_~-1 (3)

¢

s (T e—— - L |W
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By uaing the value of Cp = 0.8 for thin vanes, equa-
tion (3) becomes

n= ééi - 1-

r/w

Results for vanes which have two different thickness
distributions applied to mean lines approaching a circular
arc are given in reference 9 and show -that, for the opti-
mum vane installation, the loss coefficient AH/q- 1s
about 0.25, a value relatively insensitive to vane thick-
ness. For vane lnstallatlons other than the optimum,
the losses are higher and vary considerably with the pro-
file of the vane. The angle of attack for thick vanes
13 approximately the same as for the thin circular-arc
vanes and small varlations from the optimum angle of
attack do not appreciebly affect the pressure loss. Values
of C; from 0.9 to 1.0 may be used in determining the
optimum number of these vanes to be used.

Thin vanes of noncircular profile, which are suitable .
for installation in bends of equal inlet and exit cross- -
sectional areas, have been developed theoretically by
Krdber (refersnces §,10, 13, and 14). Profiles for these
vanes are given in table I end figure 8(a). Tests (ref-
erence 13} indicated that installations using a vane of
the type ceveioped by Krober are very efficient, as shown
by the low losses glven in figure 3(b). The required
number of vanes f'or a given installation can be deter-
mined directly from the chord length and the gap-chord
curve of figure 8(b). The break in this curve between
angles of bend from L5° to 60° is apperently a result of
the methods used 1n develoring the profiles. References 9,
13, and 1} give speciflc data only for angles of bend of
308, 45°, 60°, and $0°.

Diffusers.- Losses of straight-wall diffusers of

cirocular cross section may be computed from the curve of
fizure 9, which was derived from figure 10 of reference 15
and figure 1 of reference l§. The loss coefflclent is
given by the relatlon

AH _ Agg
ak - 1- (4)
9 2<: éde h
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where X, 1s the quantity plotted in figure 9 against

the equivalent-conloal-angle of expansion. . The losa due
to an abrupt expansion 1s obtained from equation (L) by
taking k,; equal to unity. To & limited extent, the

loases of diffusers of noncircular cross sectlon, particu-
larly those of sqQuars cross section, are apProximated by -
the loss of an "equivalent conical diffussr! .-which has a
oircular croas section and of which the length, the inlet
area, and the outlet area are equal to those of the non-
circular diffuser. :

The most efficlent stralght-wall diffusers are shown
In figure 9 to be those of equivalent conical angles of
expansion between 3° .and'10°. Frequently, however,
because of restrictions on the length of diffuser, it ls
necessary to diffuse at angles higher than 10°. Curvead-
wall diffusers (refersnces 1l and 15), such as the design
shown in figure 10, have been.found to have appreciably
higher efficlencles than straight-wall diffusera, espe-
cially at high angles of expansion. The psrformance for
this type of diffuser i1s alsc shown in figure 10. At the
higher angles of expansion, ths lower pressure lossas are
obtained by diffusing gradually in the first part of the
diffuser and more sebruptly in the last rart in order to
delay the separaticn point in the flow. Tests reported
in reference 15 show no gain when the angle 29 1s made
greator than L4O°. Other sources (unpublished; indicate
thet, 1f the angle 2¢ 1s zreater than 60°, large losses
willl occur. .

Diffusers followed by resistance units, such as
intercocclers; are subject to lower pressure losses at
high angles of expansion than are indlcated in figure 9.
An experimentsl investigation to determlne the shapes of
cirocular diffusers for highest diffuser efficlencies in
diffuser-resistance combinations is reported in ref- :
erence 17. Figure 1l is a sketch of the optimum shape
and a plot of the included angle between the straight -
walls of the diffuser 2¢ agalnst the equivalent conical
angles of expansion 206. The values of 29 are those .
values that gave the hlghest diffuser efficiency. The
sclid and long-dash curves of figure. 12 show the pres-
sure ' losses Iin terms of the loss due to sudden expanslon
for diffusers deslgned according to figure 11. The
short~dash curve of fipgure 12, which ia an extension of
the curve given in figure 9, applles to stralght-wall
circular diffusers not followed by resistance and is
shown for comparilson.
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ﬁgafgh gggpg.- The problem of taking branches from
a maln alr duct resolves 1nto division of the main air
etream and diversion of one or more of the consequent
subdivisions of the maln stream. Division should bs

made as nearly as possible on a basls of relative air
flows and ls best accompllished with dividers or splitters
of rather blunt-nose airfoll shape, such as the NACA 0021
alrfoll sectlion. (See fig. 13.) Enlargemeant of cross
sections lmmedliately downstream of the point of divi-
alon and in bends 1s to be avoldod. ZIntrances to branch
ducts should be normal to the air flow. Plpgure 13 illus-
trates tl:3 application of theso jrinciples nnd shows the
division of the wain stream, the diversion of' one stream,
and the subsequent subdivislon of the diverted stream.

The internal-duct inlst 13 a special problem associ-
ated with brarch ducts, The inlet of a duct that taps
elr from a chamber 1n wiich the alr 1s essentilall
stagnant ls known as un internal Inlet. Flgure 1. shows
several examples of such inlets with accompanylng repre-
sentatlive values of pressure-lcss coefiiclent taken from
referance 11l. The desigcns subjJect to the lemst pressure
losses are the flared entrances, partlicularly the design
using a lemniscates. The equation of the curve in polar
coordinates 1s -

?2 = 2K° cos 20

The .part of the lemnliscate used 1n. the inlet design ex-
tonds over & range of © <frem 16° to L5K° (rig. ;).

Flow~resistance units set at angle to upstream duct.-
The meeting &t an angle ol the Inccm%ng alr with the [ace
of a resistance unit causes a total-vressure loss that
depends on the smount of angle, the eofficlency of the
reslstance-unit core in its sctlon as a turning vans, and
the alr-stream velocity. Data on these losses, from which
the curves of flgure 15 w2prpe cderived, were obtained from
reference 18 and from the Wright Aeronautical Cornoration
and the Naval Alrcrsft Factory. The data apply to inter-
coolers, circular oll coolers, and a viscoua~-impingement
type ol alr filter. The geomstry of the ducts and
resistances is also shown 1in figure 15. The curves
indlicate that the pressure loss is simllar to the pres-
sure logs of a Quct bend in that. the aspect ratio of the
realstance-unlt alr passages 1s a controlling factor.
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ILLUSTRATIVE FXA¥PIES OF DUCT ANALYSIS

B Several examples illustrating the calcéulation of-
preasure loss, alf flow, exlt area, and internal drag
for duct systems I and IV of figure 16 ars given in:
tables II to 1IV. Eaoh of the hypothetlcal duct syastems
shown in figure 16 adheres to the same gensrzl apace -
requirements and has apsover-all inorease in the cross-
sectional area from squars foot at statlon 1 to X
3.0 square feet at's%ation 6. The selection of the’ 2
pressure-loss coefficlents is Illustrated for system I
in table II. S8tep-by-step computations for sjs%ema,l
and IV are given in tables IIY and IV, end the pressure-
loss distributiona ol the four systems are compered in
figure 17.

e .

Duct aystem I (flg. 15) waas deslgned according to
the two baslic principies of dvot deslgn se¢t forth in the
section entitled "General Perinciples of Duect Design.®
The high-veloclty air at astation 1 is expanded in a -
diffuser having an equivalant conlcal angls:of expsnsion
of 7°, whici: 18 shcwn in flgure 9 to be subjJect to mini-
rmur pressure icsses, The diffuser i3 followed by a well-

. rounded $U° bend cf constant crosu-sectlonal area. The

rest of tha diffusion is accomplished at a highar rete

in a diffusel-. Laving s egu.valent conical engle of 132.8°,
although ths rate of sxpsnslon is high in ghe secona
diffuser, the loss 1s not excessive bacause of the low
dynamic prossure at the entrunce. The second 90° turn

1s quite sharp but does not ceusa a larrce »ressure loss
because of the low-veloclty air. Duct system II (fig.16)
was designed so that nart of the .crea expansion 13 accom-
plished in the first 90° bsnd. Duct system III 1is an
oxample of a compromlse whloh emphaslzos more than
aystem I the principle of having low fliow velocltles.

"‘The low flow velocity 1s obtalned by diffusing at a

hlgher rate of expansiorn. Duct systems III uand IV repre-
sent opposlte extrédmes in rolation to the initial expan-
sion of the alr. In system III the expansion 1s accom-
plished rapldly in a diffuser having an equivalent
conical angle of 16° located upstream of the firat bend;
In aystem 1V all the expransion 1s accomplished betwean
the two 90° turns-with the area constant- from‘stetions 1

to 3. -

The duct systems were assumed to be Installations
In an airplane flying at sea levsl in Army summer alr at
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a true alrspeed of 400 miles per hour. For simpllcity,

the total-pressure losses {rom the frse stream to atation 1l
were assumed to equal tke pressure rise given the air by
the propeller; therefore, the totel pressure at station 1
1s equal to the Iree-streem total pressure. The adla-
batic tempereture rise from tre free siream to sftation 1
was calculated by use of the followlriz equatlion from reof-
erence 2:

‘Io
ATg,1 = 0.832 1ou> (100 (5)

The total-pressure loss through each duct unit was calcu-
lated from the curves of thls report as 1llustrated in
table 11 for system I. Tha compresslbllity corraction

to the dynamic precsure was neglocted except et stetlons O
and 1 beceuse of the lnw velocities, The following equa-
tion (from reference 19) whas used to cslculate the com-
pressibility factor F, at stations J and 1:

1T -2

The temperature from stetiona 1 to 5 was assumed constant
beceuse the systems contalned nc heet exchengers andéd tne
statlc-pressure chcngass were Ilnsuffliclsant to cause slg-
nlficant changes 1n temperature. With the feoregoing con-
ditlons and assumptions, the properties of the ali~ st

- sach statlon were calculated as shown in tables III

ana IV.

The total-pressure losses for ecach gystem are plotited
agalnat the duct stations in figure 17, in which system I
la shown to be tho most efflicient. The hign lossaes asso-
clated with bends of increaslng cross-sectionel arees are
varified by the curve for system II. Tae curve for sys-
tem III emphasizes the lmportance of efficlently dif-
fuaing the high-veloclty &ir even at the experse of
greatsr bend losses, providing the tend deslgn 1s rea-
sonably good. The data fer system IV lndlcate the
Importance of efflciently reducing the alr veloclty as
soon a8 posslble aven in those cases in which the effi-
clency of some of the followlng units must bew reduced.

The calculations for aystem I Lave been extended
to 1llustrate the method of obtalning alir flow, exit
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aree, and internal drag. Bzcause the calculation of pres-
‘sube” driops "across heat exchangers 1s.a.-problem.outaide

the scope of this report, tiie heat-exchanger pressure drop
13 not ccnsidered in thLe subsequent discusaion. The
nature of the calculation is ir no way affected by this
simplirication, bnt the resuitant drag, internal-drag
power, and exlit ares wlll consequently be much too amall
to be representative. A well-designed oxit duct was
assumed to extend from statlon 6 to station 7, ths exit,
and the total-pressure loeses in this contracting section
were aadsumed to be negliglible., Several nasa air flows
through the system were assumed and the eatimated total-
pressure losses, oxlt velocity, exlt area, and internal-
drag horsepower were evalusted for éach alr flow. The
statiec pressure at the exlit was assuwmed to equal the
atatic pressure of ths free stream; the temperature édrop
asaccluted with ths drop in stetic pressure from station 6
to tre exit At statlcen 7 was gssun~d to Le adiabatic.

The followlnx equation e:xprasses thls adisbatic relztion:

Tg - T7 = ATG

: 0.206
1 (p1>
= T,x -l =
6 Fé

The ex:t velocity V= was cnlculated b; gubstitutlug

AT, aad V in e‘uétlon (5). The caleculetlons Jor a
nugs alr flowy of 0.109 slug peri s=coad Are surmacized SAECIEIED
in teble III. Th> Intasrnal-drag horespower zavsed by

the momentum deficiency of the dischenged sl &nd thre
exlt arees requlred to obtaln certuln mucs fiows through
the syatem are plotted agelnst maas air flcw in fipure 18.
From these curves the exit area required for a glven inass
-flow or, conversely, ths mass flow ccrcesponding to a
glven exit ares, may boe determinsd. If a heat exchanger
had been inclucded in thes foregoing arrangement, the
pressure dro) acrocs 1t, the rise in cooling-sir tem-
perature through 1%, and the resnltent dcusity changes.
would have had to be taken into account.

CONCLUDING PEMARKS

The pressure loss through a duct component is.af-
fected by the nature of the entering flow and, when
unsymmatrical velocity distrivutiors ozcur, tue
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pressure-loss coefficleonts are higher than those glven
herein for conditions of unltorm flow. This consléera-
tion ralsea the queation of the accuracy wlth which the
over-all lossea for a duct systsm can be pra2dlcted by
summation of component losses obtainsd from the materlal
in this report. As yet. no satisiectory enawer to this
queatlon exists, but this lack ol data in no wey impairs
the uselulness of the materlal contalied heroin for de-
slgning duct systems for a imlnimum of loss.

Although the pressure losses in a well-designed duct
system should ts small compared with the unavoldable
heat-axchanger pressure drop, the margin of pressure
avellable over prossure required is very small, partica-
larly for full-power climb; and oliminution of unnecessary
duct losses often makes the difference betwsen an accopt-
able and an unacceptable lnstallatlcn.

Lengley Memorial Aercnautlical Laoorstory
National Advisory Committee for Aercnautics
Langley IFteld, va., ¥ay 13, 194k
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TABLE I.- ORDINATES FOR KRﬁBQR VANE PROFILES

Y/c . e -
x/c
90° bend | 60° bend | 45° bend | 30° bend

0.08, 0.000 0.000 0.000 0.000
'05 v087’ -0,.{.1 ----------
.10 .154 074 oLl 031
.15 .200 100 | eemem | aeeia
.20 .256 124 075 051
-] .2F2 Al | e ] e-eia
o3 2&7 . 25 .09 067
.35 151 | emeoe | ameaa
.En .166 .105 071
-’l.s . -168 ----------
.50 -] 3 .16l 103 071
<55 .2€0 157 | —e=-n |} a----
60 242 .151 090 .087
65 219 L2 | eeeee | aeeas
.192 .129 078 055
g <167 s B A SRR
0 127 .0%96 058 043
.1oh 072 | mmeem | eeee-
.95 037 026 | mmees | me-es
1.00 . 000 000 +000 000

NATICNAL ADVISCRY
COMMITTEE FOR AERONAUTICS



TABLE II.-

ESTTMATION OF TOTAL-PRES3SURE-LOSS COEFFICIENTS FOR DUCT SYST=™M I

[Mass flow = 0.109 slug/sec;

temperaturs = 584.L4° F abs]

gg:z%gi Etgzion Controlllng paracetors Calculated values
Duct component, rectaagular diffusers
Ciffuser |(Initiai- |®inal- Diffussr Diffuser
equivalent|station |stailon cogfficlent, |total-
conical Crofs- cross-~ k> pressure-
angle cf |ssctlonal|ccctional 1 8 loas
expanslon, |ares, areu, (rig. 8) coefficlant, '
N di de q
(ceg) (sqft) | (83 It) (1)
1 2 Ted 0.2%0 G.515 0.1%0 - 0.03l
3 N 13.8 515 2,900 .207 . 125
puct component, $0° rectangulsr bends :
Bend 3ead Mass flow |Rewvnnlds Bend total- |
aspect raclus Perimster’ |[~-umber preasure-losg
ratio, ratio, m/P R ’ coaffioient,
L/w T/ slug/sec) | (F18+ 1(b)) AH/q_
2 3 1.0 3.00 0.0330 772,000 0.069
N 5 1.0 .78 .0158 | 155,000 .500
Ipiffuser totel-pressnrz-loss coefficient M 2 k(1 - —dh

NATIONAL ADVISCHY.

COMMITTEE FOR AZHONAUTICS

924dMI 'ox UMV VOVH
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Figure 7. — Bend with thin circular-arc vanes.

"ON HYVY VOVN

924d¥1

‘814



Angle of bend, /8
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Equivalent conical angle of expansion,R6,degq

Fc_qure 9.— Total- ﬁres.sure -loss coefficient factor kz
for straight-wall conical diffusers.
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ERRATA No., 1l

NACA ARR LiF26 %

DESIGN OF POWER-PLANT INSTAITATIONS
PRESSURE-LOSS CHARACTERISTICS OF DUCT COMPONENTS
By John R. Henry

June 1944

Pages 8 and 9 and figures 2, 3, and 6 have been corrected to inclule a
calculated friction loss in the over-all loss coefficient for the
bend. The corrected pages are attached to replace the corresponding
pages and figures in the original version of this paper.
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velocity and the hydraulic diameter of the duct. Values of f obtained
from figure 51 of reference 4 are plotted -against Reynolds number in
figure 1. Data in figure 13 of reference 5 agree closely wlth values in
figure 1. Determination of the Reynolds number is facilitated by supple-
mentary curves obtained by plotting the ratio of mass rate of flow to
duct perimeter against Reynolds number for a number of ailr temperatures.
The kenetic viscosity of the air used in constructing the supplementary
curves of figure 1 was determined by Sutherland's equation as presented
in reference 6.

A typical velue of NH/q for straight aircraft ducts is 0.02 %,
which is usually inconsequential compared with other parts of the system,
and the loss in sections of straight ducts is generally neglected. Long
winding ducts of small diameters, such as cebin-heater ducts, are some-
times treated as straight ducts of higher than average pressure loss due
to friction. The use of

N 1
= = 0.04 5

Q

is recommended in reference T.

90° bends of constant-area réctangular cross section.- Pressure-loss
coefficients of 90C bends of constant-area and rectangular cross section
given in figure 2 for three values of Reynolds number based on hydraulic
diameter are derived from data appearing in referemces 5 and 8 to 12.
The data of reference 5 are presented as a loss coefficlent chargeable to
turning which was obtained by subtracting from the measured over-all loss
of the combined approach duct, bend, and tail pipe a calculated friction
loss for the approach duct, bend, and tail pipe. All the bend data pre-
sented herein have been reduced to an over-all loss coefficlent for the
bend proper, or the data of reference 5 restored to an over-all loss by
adding in the calculated friction loss of the bend. Figure 2 indicates
that increasing the radius ratio beyond a value of about 2.00 yields no
further reduction in loss, and that the optimum aspect ratio varies
markedly with Reynolds number.

. 90° bends of constant-area elliptical cross section.- Pressure-loss
characteristics of 90° bends of constant-area.elliptical cross section
are given in figure 3 for three values of Reynolds number. The data
include circular ducts as a special case. The same general effects of
radius ratio and the existence-of an optimum aspect ratio are noted for
the bends of constant-area elliptical cross section as well as for
rectangular bends. The effects of Reynolds number are much less for

_pends of ellliptical cross section than for bends of rectangular cross

section.

' NACA-Langley - 11-24-52 - 330
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90° bends of changing area.- Significant data (derived from

reference 11) concerned with the relation of area change to the loss
in 90° bends of a particular geometry are shown in figure L.

figure the ratio of Jloss in & bend with changing area to that in a

bend with identical inlet form
the ratio of entrance width to
Important reduction of loss in
in loss in diverging bends are
ticularly serious for bends of

but constant area is plotted against
exit width of the nonuniform bend.
converging bends and sericus increases
noted; the loss increases are par-
small radius.

Simple bends other than 90%.- No satisfactory correlation has

been made of data for variation of pressure-loss coefficient with
angle of bend. Pressure loss of 45° bends can apparently vary from
one-third to two-thirds the loss of a similar 50° bend, according to

the test conditions.

Compound bends.- Pressure-loss coefficlents for three types of
compound bend (fig. 5) derived from reference 5 are shown in fig-
ure 6. Inasmuch as differences in the losses between the U-bends,
Z-bends, and 90° offset bends appears from reference 5 to be small
and inconsistent, the curves presented are averages of results for
the three types of bend. There appears to be little variation of
loss with Reynolds number. Introduction of a 5-foot spacer between
the two parts of the compound bend increases the over-all loss appre-
ciably due to the added friction loss.
(U-bend) data of figure 6 with the 90° bend data of figure 2 shows that
the relative loss varies to a maerked degree with the radius ratio and

aspect ratio of the bend.

A comparison of the 180° bend

Effects of surface roughness on bend losses.- The effect of sur-

face roughness on the losses 1in stralght pipes has already been given
by the curves of figure 1. A study of pressure-loss data for bends
of angles from 30° to 90° and radius ratios from 1 to 6 (refer-

ence 11} indicates that the influence of surface roughness on the
loss in bends, and presumably of other duct components in which wmajor
flow disturbances arise, is very much greater than can be attributed
to the increase in skin friction at the mean velocity of flow.
Analysis of the data in reference 11 suggests that the ratio of
losses through two bends, identical except for surface roughness,

NACA-Langley - 11-24-52 - 350
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